Tissue engineering approaches have been clinically tried to repair damaged articular cartilages. It is an essential step to uniformly seed chondrocytes into 3D scaffolds in order to reconstruct tissue-engineered cartilages in vitro, but the tissue engineering could not have been provided with efficient cell seeding methods. Type I collagen is clinically used and known as a cytocompatible material, having recognition sites for integrins. Collagen gel encapsulating chondrocytes has been tried for making regenerated cartilages, but it is found difficult to have the gel keep its original shape after long-term culture, because of shrinking. On the other hand, 3D scaffolds, either of a nonwoven structure or a sponge-like structure, involve difficulty in that chondrocytes could not be uniformly seeded, although they have adequate initial mechanical properties. In this study, by combining collagen gelation with a nonwoven PLLA scaffold, we achieved uniform cell seeding into the 3D scaffold. Bovine articular chondrocytes were mixed with type I collagen solution, and the solution was poured into the nonwoven PLLA scaffold (1.5 mm thick, φ 15 mm). The collagen-chondrocyte mixture was made into gel at 37°C for 1 h. The 0.39% collagen mixture was viscous enough to prevent cells from precipitating during gelation. Almost all chondrocytes were able to be incorporated into the PLLA scaffolds by mixing with collagen solution and subsequently making into gel, while 30-40% of the chondrocytes seeded as a cell suspension were not trapped into the PLLA scaffolds. The method presented, where chondrocytes were mixed with collagen solution, and the mixture was incorporated into a 3D scaffold, then made into gel in the scaffold, could serve as an alternative for in vitro cartilage regeneration, also simultaneously having the advantages of both materials. 489 490 USHIDA ET AL.
INTRODUCTION
The biodegradable polymers approved by the FDA, such as PLLA, PGA, and PLGA, are easily processed Articular cartilage is rarely repaired by itself. Thereinto desired shapes with good mechanical properties. fore, a variety of clinical attempts have been tried, in-Their degradation periods can be manipulated by concluding tissue engineering approaches. (9, 12, 20, 24) . In trolling their crystallinity, molecular weight, and copolyorder to reconstruct three-dimensional cartilage-like tismer ratio of lactic acid to glycolic acid, but PLLA-, sues, diverse kinds of scaffolds have been employed.
PGA-, and PLGA-derived scaffolds lack cell recognition Some of the materials were nonbiodegradable such as signals, and their hydrophobic property hinders smooth silicone rubber (2) , polytetrafluoroethylene (PTFE), polycell seeding. On the other hand, naturally derived collaethylene terephthalate (Dacron) (18, 19) , polyurethanes gen has the potential advantage of specific cell interac- (16) , poly(hydroxyethyl methacrylate) (PHEMA) (17) , tion, although it offers limited versatility in designing a and polyvinyl alcohol (PVA) (8). On the other hand, scaffold with specific physical properties (10,15,21). By natural biomaterials or biodegradable synthetic polymers using the advantages of both materials, we have develhave also been used for cartilage regeneration: collagen oped hybrid sponges of PLGA and collagen, fabricated sponges and gels (20) and hyaluronan (1,22) as natural by forming microsponges of collagen in the pores of a ones, and polyglycolide (PGA) (13), polylactide (PLA) PLGA sponge for cartilage regeneration (3) (4) (5) and for (7), poly(lactide-co-glycolide) (PLGA) (23), poly(L-lacskin regeneration (6) . This sponge is hydrophilic with tide-co-caprolactone) (L-PLCL) (14), and poly(glycolgood mechanical strength, but it is still difficult to seed ide-co-trimethylene carbonate) (PGTMC) (11) as syncells in deep areas of the scaffolds through the pores. In thetic ones.
this study, by combining collagen gelation with a non-woven poly-L-lactic acid (PLLA) scaffold, we achieved made. Each construct was incubated with F-12 10% FBS in the well of six-well plates (Falcon) at 37°C in a hu-uniform cell seeding into the 3D scaffold. midified 5% CO 2 atmosphere. MATERIALS AND METHODS 1. PLLA: 1000 µl of chondrocyte suspension (3.0 and Materials 6.0 × 10 6 cells/ml) was poured onto each PLLA scaffold prepared. PLLA nonwoven fiber scaffolds were made so that 2. PLLA-hy: The PLLA scaffolds were treated sequenthe thickness was 1.5 mm (density: 0.13 g/ml) ( Fig. 1) .
tially with 75% and 100% EtOH solution (1 h). 1000 Collagen gel was purchased from Koken (Japan). Miniµl of chondrocyte suspension (3.0 and 6.0 × 10 6 cells/ mum essential medium Ham's F-12 was purchased from ml) was poured onto each PLLA scaffold treated. Gibco BRL Laboratory (Grand Island, NY), fluorescent 3. PLLA-coated: The PLLA scaffolds were coated with dye 4,6-diamidino-2-phenylindole (DAPI) from Wako 0.1% collagen solution (1 h). 1000 µl of chondrocyte Pure Chemical Industries, and safranin-O and toluidine suspension (3.0 and 6.0 × 10 6 cells/ml) was poured blue from Chroma-Gesell Schaft (Germany).
onto each PLLA scaffold coated. Bovine Articular Chondrocyte Culture 4. PLLA-0.39Col: 500 µl of 0.39% collagen mixture containing chondrocytes (3.0 and 6.0 × 10 6 cells/ml) Bovine articular cartilage chondrocytes were obwas incorporated into each PLLA scaffold. The intained from the knee joints of young calves (6) (7) (8) (9) (10) (11) (12) corporated collagen mixture was made into gel by months old). The cartilage was dissected, minced, and incubating at 37°C for 1 h. digested in a collagenase solution (Worthington Bio-5. PLLA-0.18Col: 500 µl of 0.18% collagen mixture chemical Cooperation, NJ). After overnight digestion, containing chondrocytes (3.0 and 6.0 × 10 6 cells/ml) the cell suspension was filtered with a 70-µm cell was incorporated into each PLLA scaffold. The instrainer (Falcon, Becton Dickinson, NJ). The filtered socorporated collagen mixture was made into gel by lution was centrifuged to remove the collagenase soluincubating at 37°C for 1 h. tion. The cells were resuspended in Ham's F-12 medium and seeded in 75-cm 2 culture flasks (Falcon). The cells
Histochemical Analysis were used for the study after 3-5 passages.
After fixation of the constructs with 4% formalin/ PBS solution, sliced samples were made by cutting the Collagen-Chondrocyte Mixture constructs into 8 µm thickness with a cryostat (CM1850, Five hundred micrometers of 0.39% or 0.18% colla-Leiz, Germany). The nuclei and extracellular matrices gen solution with 50 µm of sodium bicarbonate (3.7 g/L) of the samples were stained with Hoechst 33342, safraand 10 µm of 1 M HEPES was mixed together with nin-O, and toluidine blue, respectively. The histochemibovine chondrocytes so that the cell concentration becal observation of the samples was made with an incame 6 × 10 6 cells/ml. verted epifluorescence microscope (Axiovert 100-M, Zeiss, Germany). Cell Seeding to PLLA Scaffolds RESULTS The PLLA scaffolds were cylindrically cut so that the diameter was 15 mm (1.5 mm in thickness). The follow- Figure 2 shows the nucleus staining with Hoechst 33342 of seeded chondrocytes into five kinds of con-ing five kinds of PLLA-chondrocyte constructs were (C) PLLA-hy (chondrocytes seeded as a suspension, 6 × 10 6 cells/ml, into the nonwoven PLLA scaffold treated with EtOH). (D) PLLA-coated (chondrocytes seeded as a suspension, 6 × 10 6 cells/ ml, into the nonwoven PLLA scaffold coated with type I collagen). (E) PLLA (chondrocytes seeded as a suspension, 6 × 10 6 cells/ml, into the nonwoven PLLA scaffold). structs after 1 day of culture. The figure shows that scaffolds. The chondrocytes mixed with 0.10% or 0.18% collagen solution were partially precipitated during gela-chondrocytes mixed with collagen solution were homogeneously distributed into the PLLA scaffolds. The tion, while chondrocyte precipitation was not detected in the case of 0.39% collagen solution. chondrocytes seeded as a cell suspension were found to be trapped by adhering to the PLLA fibers. Figure 5 shows safranin-O stain and toluidine blue stain of the sliced constructs after 9 days of culture. The Figure 3 shows the ratio of untrapped chondrocytes to those seeded into the scaffolds. The number of un-safranin-O and toluidine blue stains show that both chondrocytes in collagen gel and those adhering to the trapped chondrocytes was evaluated by measuring the fluorescence intensity of DNA stained with Hoechst fibers were stained with safranin-O and toluidine blue, although matrices produced by seeded chondrocytes 33342. The figure shows that almost all chondrocytes could be incorporated into the PLLA scaffolds by mix-were not apparently detected after 9 days of culture. ing with collagen solution and subsequently making into DISCUSSION a gel, although 30-40% of chondrocytes seeded as a cell suspension were not trapped into the PLLA scaffolds.
The PLLA scaffolds used in the experiments were made of nonwoven PLLA fibers as shown in Figure 1 . Figure 4 shows the difference in distribution homogeneity of chondrocytes incorporated with 0.10%,
The felt-like structure of the scaffolds is thought to allow seeded cells to access relatively deeper sites com-0.18%, and 0.39% of collagen solutions into the PLLA pared with a sponge-like structure. As shown representa-0.1% collagen coating was tried to improve the hydrophobicity. However, no significant difference was found tively in Figure 2 , the chondrocytes seeded as a cell suspension could adhere to the fibers in all areas of in the ratio of untrapped chondrocytes to those seeded among no treatment, EtOH treatment, and 0.1% collagen sliced sections. The thickness (1.5 mm) of the scaffolds might facilitate cell access even to the center area of coating, as shown in Figure 3 . In the case of collagen mixtures, almost no leakage of chondrocytes from the the scaffolds. As the thickness of articular cartilage is equivalent to that of the scaffolds, the PLLA scaffolds gel was detected. This means that the method by which cells were incorporated into scaffolds with the collagen used could serve as adequate ones for cartilage regeneration. On the other hand, both 0.18% and 0.39% collagen solution mixture was superior to the conventional method using a cell suspension from the point of view mixtures with chondrocytes could penetrate the scaffolds without any physical supports. After making into of seeding efficiency. For in vitro cartilage regeneration, the following two gel at 37°C for 1 h, the chondrocytes were still uniformly distributed in the gel in the case of 0.39% colla-critical points are emphasized: one is how to seed chondrocytes into scaffolds without any heterogeneous areas gen mixture, whereas slight precipitation of chondrocytes was detected in the case of 0.10% or 0.18% from a point of chondrocyte distribution, and the other is how to control the 3D shape of constructs and main-collagen mixture. This means that 0.39% collagen mixture was viscous enough to prevent the cells from pre-tain their mechanical properties. Collagen gel encapsulating chondrocytes has been tried for that purpose. cipitating during gelation. Figure 3 shows that 30-40% of chondrocytes passed However, it was found difficult to maintain the original shape of the gel after long-term culture, because of its through the scaffolds without adhering to the fibers. As PLLA is known to be hydrophobic, EtOH treatment or shrinking. On the other hand, 3D scaffolds, whether of PLGA as a biodegradable one with good mechanical
